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Abstract

The U. S. Naval Research Laboratory (NRL) and OptoGration, Inc. have collaborated in the development
and testing of large area, high speed InGaAs avalanche photodiode (APD) receivers for use in free-space
lasercom systems. A 200 micron diameter InGaAs APD receiver has been tested in a free-space lasercom
testbed and has demonstrated sensitivities of -42.4 dBm at 622 Mbps and -44.8 dBm at 155 Mbps. A 100
micron diameter receiver has been tested with a resulting sensitivity of -35.75 dBm at 2.4883 Gbps. These
receivers are made possible due to OptoGration’s capability to manufacture a large area, high speed InGaAs
APD with an effective ionization ratio of < 0.2 and by matching the APD device with an appropriate
transimpedance amplifier and limiting amplifier. Development and testing of the APD receivers will be
described below.

Introduction

In free-space lasercom systems, atmospheric turbulence causes both small scale and large scale aberrations
of the transmitted optical phase front such that the received laser spot becomes larger and moves around in
the focal plane. These facts make it very difficult to couple the received laser power into a single mode
fiber or onto a small, fast free-space optical detector unless a complex adaptive optics system is used.'”

It is desirable to use wavelengths such as 1550 nm or 1330 nm for free-space lasercom links to take
advantage of the development efforts put into components at these wavelengths by the telecom industry and
to take advantage of the much higher maximum permissible exposure (MPE) limits for eye safety.
However, use of these wavelengths precludes the use of silicon detectors. InGaAs detectors have very high
responsivity at these wavelengths but unfortunately they typically require very small active areas to reach
the bandwidths available with silicon detectors, and if using an InGaAs avalanche photodiode, they
typically have an effective ionization ratio of > 0.4 such that they have much more signal dependent noise
which reduces the overall detector sensitivity.*”

In free-space optical communication (FSO) systems, it is usually desirable to have the sensitivity of the
detector as high as possible to reduce the required laser power for a specified link margin. However, the
optical receivers used for high speed optical communication systems that operate closest to the quantum
limit are the PIN diode coupled to an optical fiber preamplifier and an APD. Both of these devices
typically have large signal dependent noise components which must be minimized as much as possible. In
addition, the fiber preamplifier has the added complexity of coupling into a single mode fiber. Although
the fiber preamplifier with PIN diode can in theory have a higher sensitivity than the APD by as much as 10
dB, the sensitivity gain is offset by the difficulty and complexity of coupling into the single mode fiber.
OptoGration is now able to manufacture large diameter InGaAs APDs with ionization rate ratios that are
less than half that of the incumbent InP-InGaAs APDs and are the lowest in the industry for InGaAs based
APDs. This greatly reduces the excess noise factor and thus the APD shot noise so that the device has a
higher sensitivity.*"'
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Optical receiver construction

Several APD detectors were mounted in 5-pin TO-46 headers by OptoGration and wire-bonded to
commercially available transimpedance amplifiers (TIA) from Maxim of Dallas. There have also been
several devices built in house by NRL in 8-pin TO-39 headers using bare die APDs purchased from
Optogration. For the 200 micron diameter detector (model OG-A-200-25 APD) we selected a MAX3658,
622 Mbps low noise TIA. The MAX3658 is a low noise (45nA input-referred noise) TIA with a 5§0MHz
bandwidth and transimpedance gain of 18.3kQ). For the 100 micron diameter detector (model OG-A-100-
25 APD) we selected a MAX3724, 3.2 Gbps low noise TIA. The MAX3724 has an input-referred noise of
325nA at a bandwidth of 2.1GHz, and a differential transimpedance gain of 3.5kQ. The general layout of
the APDs and TIAs in the 5-pin TO-46 header along with the filter capacitor values is shown in figure 1
below. A general layout of the APDs and TIAs that were built in-house at NRL can be seen in the photos
shown in figure 2.

The receiver requires a positive APD bias.
Vapd is routed through chip resistor
(R=500Q) to a filter capacitor
(CAilt=900pf).

o The APD sits on top of the filter capacitor
in the center of the TO-46 header.

e Vcc is routed to a smaller chip capacitor
(C=200pf) and then to the Vcc input.

e The pin out is as shown to the left.

Figure 1: General layout of the APD and TIA in the TO-46 header used by Optogration in the
fabrication process.

Figure 2: Photographs showing the general layout of the APD and TIA in the devices built in-house at
NRL
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The header caps and windows were put on the TO-46 headers by NRL. The detectors were then mounted
on a small electronic amplifier board designed and built by NRL with a Maxim limiting amplifier. The
MAX3747AEUB limiting amplifier was used for both receivers. The MAX3747 is a multirate, differential
limiting amplifier (155Mbps to 3.2 Gbps) with > 57dB of gain. Photographs of both sides of the receiver
board (in this case for a 100 micron diameter detector) are shown in figure 3. Figure 4 has photographs of
the packaging of a 100 micron detector and a 200 micron detector. The packages shown in figure 4 could
be made much smaller if desired. The driving requirement in this case was robustness for rapid field testing
and a threaded hole over the actual detector to allow attachment of filters in Thorlabs SM series filter tubes.

R | 1.
-

L o

Figure 3: Photographs of the front and back views of the 100 micron diameter receiver board.

. 3 f a
Figure 4: Photographs of 200 micron receiver (APD #5, left) and 100 micron receiver (APD #4, right).
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Optical Receiver Testing

Laboratory Testbed

The InGaAs APD receivers have been tested in a laboratory test-bed for BER sensitivity and in the field in
the NRL Lasercom Test Facility at the Chesapeake Bay Detachment of NRL. The BER sensitivity test-bed
block diagram is shown in figure 5. The pattern generator of an Agilent 86130A 3.6Gbps Error
Performance Analyzer provided a pseudo-random bit sequence (PRBS) input to a commercial OC-48
transmitter model STX-48 from Optical Communication Products (OCP). The STX-48 output is nominally
0dBm at a nominal 1550nm (1547.5nm) with an extinction ratio of 10dB (8.2dB minimum). The single
mode fiber output was connected to a Kingfisher model KI 7010A-PC Optical Attenuator with an
attenuation range of 2dB to 60dB. The single mode fiber output from the Kingfisher was collimated with
an Optics For Research 1550nm collimator and focused onto the detector with a 40mm focal length, f/#2.2,
plano-convex lens from Melles-Griot. The detector housing was mounted on an X-Y-Z translation stage to
align the detector to the focal spot. The true power applied to the detectors was calibrated by using a
Newport detector head, model 818-IS, with a pinhole mask of 100 microns or 200 microns (depending on
which size APD detector was under test), mounted on an X-Y-Z translation stage to align to the position of
maximum power in the focal spot. A later improvement of the test-bed utilized a fiber focuser from OZ
Optics to replace the collimator and focusing lens. The true power on the detector was again calibrated in
the same manner as above. The positive output from the differential LIA of the receiver was applied to the
error detector of the Agilent 86130A, while the negative output was applied to a Tektronix model TDS5054
digital oscilloscope to monitor the waveform from the receiver. While the Agilent BER tester has a
differential output from the pattern generator (both of which were used for the OC-48 transmitter), the error
detector only accepts a single input. The detector under test was checked for bit error rate versus average
input power at several bit rates. All of the receivers tested to date have exhibited the same sensitivities at
the different bit rates within ~ 2dB.

The first two APDs that were packaged for field testing were APD #3 and APD #4 which were
assembled in the TO-46 headers with the corresponding TIA by Optogration. They were then tested in the
benchtop BER testbed for sensitivity. APD #3 was tested at 155Mbps, 622Mbps, and 1.0625Gbps. The
corresponding sensitivities for APD #3 were -44.8dBm for a BER of 1.42 x 107, -42.4dBm for a BER of
522 x 10", and -36.2dBm for a BER of 6.43 x 107" respectively. Plots of the testing of APD #3 at these
three bit rates are shown in figures 6 — 8. APD #4 was tested at 1.25Gbps and at 2.4883Gbps. The
corresponding sensitivities for APD #4 were -36.75dBm for a BER of 1.70 x 10® and -35.75dBm for a BER
of 1.19 x 10” respectively. Plots of the BER tests for APD #4 done at these two rates are shown in figures
9 and 10.
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Figure 6: APD #3 BER test results at 155Mbps
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Figure 7: APD #3 BER test results at 622Mbps
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Figure 8: APD #3 BER test results at 1.0625Gbps
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Figure 9: APD #4 BER test results at 1.25Gbps
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Bit Error Rate at 2.4883 Gbps
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Figure 10: APD #4 BER test results at 2.4883Gbps
The BER data shown in figures 6 — 10 were obtained by connecting the output of the LIA directly to the
error detector as shown in figure 5. The clock synchronization was simply done with a cable from the
pattern generator to the error detector. The BER testing was done with a 2’-1 pseudo-random bit sequence
(PRBS) with a two minute average reading at each setting. Prior to testing of each receiver, the APD high
voltage was optimized. The APD excess noise is a function of gain so that above a certain value of gain,
sensitivity starts to drop due to the increase in excess noise.
The APDs were also tested for sensitivity with a MAX3782 Clock and Data Recovery (CDR) board
connected between the receiver LIA and the error detector input. As expected, the sensitivity was reduced
by approximately 3 — 4 dB due to additional errors from synch issues since the clock for the error detector
was being provided by the CDR board.
It was attempted to measure the dynamic range of APD #3 receiver in the laboratory testbed; however, as
was noted above, the OCP STX-48 transmitter module has an output of ~ 0dBm and the Kingfisher optical
attenuator has a minimum attenuation of 2dB. An input level of -2dBm was not sufficient to saturate the
receiver and 0 errors occurred during BER testing. Therefore from the laboratory tests, one can say that the
dynamic range of APD #3 is at least ~ 40dB. APD #5 (figure 4) which was built in-house in the larger TO-
39 header was tested for BER sensitivity and dynamic range after APD #3 was deployed for field testing.
The BER sensitivities of APD #5 were ~ 1.5 to 2dB worse than APD #3 at 155Mbps and at 622Mbps. It
was worse than APD #3 by ~ 3dB at 1.062Gbps. This is probably due to the increased capacitance of the
larger TO header used for APD #5. The dynamic range of APD #5 was measured by inserting a 200
milliwatt EDFA into the BER sensitivity testbed and increasing power until errors started to occur at 622
Mbps. The dynamic range of APD #5 is ~42.5 dB.
Lasercom Test Facility

The receiver containing APD #3 (200 micron diameter with TIA optimized for 622Mbps) has been
installed in the NRL Lasercom Test Facility (LCTF) receiver package on Tilghman Island for the past
several months. The detector has been used extensively for bit error rate testing and for packet error rate
testing in the one-way link across the Chesapeake Bay. Since mid-December, 2006, testing has been at an
almost continuous 24 hours per day, 7 days per week, rate autonomously. Data collection is interrupted for
~ 1 day every 2 weeks to remove and store date before restarting. The receiver has operated flawlessly ever
since installation, even through several severe storms which caused power brownouts, power surges, and
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power loss on Tilghman Island. While in use in the LCTF, we have not been able to saturate the receiver,
even when using the full output power of the EDFA (5 watts) that is used in the 10-mile one way link
across the Chesapeake Bay. However, the data collected from the three-aperture atmospheric parameter
diagnostic (TAAPD)'*"*'* shows that these detectors begin to saturate on the atmospheric turbulence
induced spikes when the transmitter output power is increased to 25dBm. The saturation intensity for the
50mm TAAPD detector has been calculated to be ~ 2 x 10° W/ecm®. During BER testing on the one-way
link, transmitted power has frequently been increased to power levels as high as 35dBm. At this power
level, the TAAPD detectors saturate frequently but the communications receiver (APD #3) produces 0 bit
ITOrS.

In the first quarter of 2006, the NRL-CBD Lasercom test facility was upgraded to a one-way
propagation path across the Chesapeake Bay. Previously, results have been reported on our round trip
propagation results, where an array of 25 solid retroreflectors located on a tower on NRL-Tilghman Island,
MD folded the optical link back to the CBD facility on the western side of the Chesapeake Bay '*?°. The
conversion to a one-way propagation path allows for a more accurate characterization of the path because
the angle-of-arrival and C,” measurements are made along one direction. Additionally, the path is on a
slant, which is representative of a large deck to small deck ship-to-ship or ship-to-shore lasercom link. The
transmitter located at CBD is approximately 30 m above sea level, while the receiver for the one-way link
is approximately 5 meters above sea level at Tilghman Island. Figure 11 is a pictorial representation of the
NRL-CBD lasercom test facility.

162 km path length

NRL-CBD Chesapeake Bay NRL-Tilghman
Fig. 11: NRL’s Lasercom Test Facility (LCTF). The transmitter is located at NRL-CBD on the
western side of the Chesapeake Bay. The receiver is located at NRL-Tilghman Island on the top of

the connex box. The retro-reflector array used in round-trip testing is mounted on the tower at
Tilghman approximately 15m above sea level.

The transmitter configuration implemented at the LCTF consists of the output of an EDFA amplifier
launched from a single mode fiber and allowed to expand into a 4 inch achromat (f = 23 cm). The fiber
holder is mounted on a translation stage allowing easy adjustment of the output beam divergence. Beam
steering is accomplished through the use of a 1 inch Newport Fast Steering Mirror (FSM). The system may
be set up for packet testing, bit error rate testing, or video transmission over a one-way link of 16.2
kilometers or a round trip link of 32.4 kilometers. The details of the transmitter assembly can be seen in
references 12 — 20.

The receiver system located at Tilghman Island consists of three subsystems that record various
propagation statistics and communication metrics to assist in the characterization of free space optical
communications links in the maritime environment. Figure 12 is a photograph of the receiver subsystems
located on the roof of the connex container at Tilghman Island. The angle-of-arrival monitor consists of a 5
inch Orion telescope with a Spiricon 1550-M phosphor-doped Si CCD camera in the image plane of the
telescope. A video tracker (DBA Systems) uses the camera video output to generate the x and y
components of the image intensity centroid at a 60Hz rate. This information is digitized with a 12-bit
National Instruments A/D card and used to generate the azimuthal, elevation, and radial components of the
angle-of-arrival variance.'”>'*'® From these components, the path-averaged, refractive index structure
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function, C,’, may be estimated for the case of propagation at a constant elevation (approximate in this
case).'®

The lasercom receiver uses another 4 inch achromat to collect light for the communications receiver (APD
#3 currently). The receiver focusing optics consist of the 4 inch achromat and a Geltec asphere (#350240)
with a 10mm clear aperture located ~ 4mm from the detector active region. The combination of these two
lenses results in an effective f/# of ~ 0.7 and a calculated and measured field of view > 3 milliradians. The
large field of view coupled with the large active area of the detector permit operation in all turbulence
conditions so far encountered without the use of closed-loop tracking and active components such as
adaptive optics or fast steering mirrors. The only atmospheric conditions which prevent closing the link are
those which limit the actual transmission such as heavy rain, heavy fog, or snow. The only atmospheric
parameter which we correct for in this link is a slow drift in the pointing of the transmitter beam caused by
thermal gradients in the air over the water. These thermal gradients change on a time scale of several
minutes to hours, depending on the weather conditions."*'” The output of the communication receiver
(APD #3) is used for BER testing, packet error rate (PER) testing or video transmission. Details of the test
setups and comparisons of BER and PER testing have been presented previously in reference 20. Recent
results will be presented at the SPIE DSS conference in Orlando, FL. in April, 2007.

Fig. 12: The one-way across-the-bay receiver system. The system consists of an angle-of-arrival
monitor (upper), a free space laser communications receiver (middle), and a three aperture
atmospheric parameter diagnostic (TAAPD) (lower).

The third subsystem at Tilghman in the receiver package is the three aperture atmospheric parameter
diagnostic (TAAPD). The TAAPD setup allows for the study of aperture averaging, C,’, and inner and
outer scale. The three detectors are InGaAs Pin photodiodes with aperture stops of 15mm, 32mm, and
50mm in front of the lenses. More detailed descriptions of the atmospheric data collection systems and
analysis of the data are presented elsewhere.'>'*!*

Conclusions and future efforts

The combined efforts of Optogration, Inc., NRL Optical Sciences Division, and NRL Naval Center for
Space Technology have resulted in the development of a large area, high speed, high sensitivity optical
receiver for free-space lasercom applications. Laboratory and field testing have shown that these receivers
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have high sensitivity and large dynamic range, as well as large active areas, making them ideal for use in
free-space applications.

After several months of data have been collected with APD #3 at 622Mbps (or lower when performing
PER testing) at the NRL LCTF, a higher speed APD will be installed and PER testing at Gigabit Ethernet
levels and BER testing up to 3.6Gbps will commence.

Future work includes development of receivers optimized for Gigabit Ethernet applications and for
100BaseT applications.
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